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(54) Surface vehicle vertical trajectory planning 

(57) An active suspension system for a vehicle in- 
cluding elements for developing and executing a trajec- 
tory plan responsive to the path on which the vehicle is 



traveling. The system may include a location system for 
locating the vehicle, and a system for retrieving a road 
profile corresponding to the vehicle location. 
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Description 

[0001] The invention relates to active vehicle suspen- 
sions, and more particularly to active vehicle suspen- 
sion systems including vertical trajectory planning sys- 5 
terns. 

[0002] It is an innportant object of the invention to pro- 
vide an improved active vehicle suspension. 
[0003] According to one aspect of the invention, a ve- 
hicle suspension system for a surface vehicle having a io 
payload compartment and a surface engaging device 
includiBS a controllable suspension element for applying 
a force between the payload compartment and the sur- 
face engaging device, and a profile storage device, for 
storing a plurality of profiles of paths. The profiles in- 
elude vertical deflection data. The system further in- 
cludes a profile retrieving microprocessor, coupled to 
the controllable suspension element and to the profile 
storage device, for retrieving from the profile storage de- 
vice one of the profiles, the one profile corresponding to 20 
the path on which the vehicle is traveling. 
[0004] In another aspect of the invention, in a vehicle 
for operating on a path, the vehicle having a payload 
compartment and a surface engaging device, an active 
vehicle suspension includes a force applying element ^5 
coupling the payload compartment and the surface en- 
gaging device, for applying a force between the payload 
compartment and the surface engaging device to vary 
the vertical position of the payload compartment relative 
to the surface engaging device, a profile storage device 30 
for storing a vertical profile of the path, and a trajectory 
development subsystem, communicatingly coupled to 
the force applying element and to the profile storage de- 
vice, for developing a trajectory plan responsive to the 
stored profile and for issuing commands to the force ap- 35 
plying element, the commands corresponding to the tra- 
jectory plan. 

[0005] In another aspect of the invention, a method 
for operating an active vehicle suspension system in a 
surface vehicle having a data storage device includes 
the steps of: detemnining the location of the surface ve- 
hicle; determining if there is stored in the surface vehicle 
a vertical trajectory plan corresponding to the location; 
responsive to a determination that there is stored in the 
vehicle suspension system the vertical trajectory plan, 
retrieving the plan; executing the plan. 
[0006] In another aspect of the invention, a method 
for operating an active vehicle suspension in a surface 
vehicle having a sensing device to sense the vertical 
profile of a path and a data storage device, includes the 
steps of sensing a vertical profile of a path; recording 
the profile; and comparing the recorded profile with pro- 
files stored in a database to find if the sensed profile 
matches one of the stored profiles. 
[0007] In another aspect of the invention, an active 55 
suspension system for a surface vehicle for operating 
on a path, includes an active suspension; a profile sen- 
sor for sensing a profile of the path ; a path profile storage 



device for storing a database of path profiles; and a path 
profile microprocessor, coupled to the Storage device 
and to the profile sensor, for comparing the sensed pro- 
file with the database of profiles. 
[0008] In another aspect of the invention, an active 
suspension system for a surface vehicle includes an ac- 
tive suspension; a locator system fordetemnlning the lo- 
cation of the surface vehicle; a trajectory storage device, 
for storing a database of trajectories con^esponding to 
locations; and a trajectory microprocessor for determin- 
ing if the database contains a trajectory corresponding 
to the detemnined location , for retrieving the correspond- 
ing trajectory, and for transmitting to the active suspen- 
sion instructions, based on the corresponding trajectory. 
[0009] In still another aspect of the invention , a meth- 
od for determining the location of a surface vehicle in- 
cludes storing a plurality of profiles of paths, the path 
profiles associated with locations and containing only 
vertical deflections of the path , measured at Increments; 
sensing vertical deflection of a path on which the vehicle 
is currently traveling; and comparing the sensed vertical 
deflections with the path profiles. 
[0010] Other features, objects, and advantages will 
become apparent from the following detailed descrip- 
tion, which refers to the following drawings in which: 

FIG. 1 is a diagrammatic view of a vehicle having a 
controllable suspension; 

FIG. 2a is a partially block diagram, partially dia- 
grammatic representation of a controllable suspen- 
sion according to the invention; 

FIG. 2b is a partially block diagram, partially dia- 
grammatic representation of a controllable suspen- 
sion according to the invention; 

FIG. 3 is a diagrammatic view of the operation of a 
prior art active suspension; 

FIGS. 4a - 4c are diagrammatic views of the oper- 
ation of an active suspension according to the In- 
vention; 

FIG. 5 is a diagrammatic view of the operation of 
the operation of an active suspehsion according to 
the invention; 

FIGS. 6a, 6b, and 6c are flow diagrams illustrating 
the operation of a suspension system according to 
the invention; and 

FIG. 7 is a diagrammatic view illustrating a method 
of trajectory development. 

[0011] With reference now to the drawings and more 
particularly to FIG. 1, there is shown a diagrammatic 
view of a vehicle 10 according to the invention. A sus- 
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pension system includes surface engaging devices, 
such as wheels 1 4 connected to payload compartment 
1 6 (represented diagrammatically as a plane) of the ve- 
hicle by a controllable suspension element 18. In addi- 
tion, the suspension system may include conventional 5 
suspension elements (not shown), such as a coil or leaf 
spring arrangement or damper While one embodiment 
of the invention is an automobile, so that the surface 
engaging devices are wheels and the payload includes 
passengers, the i nvention may also be practiced in other io 
types of vehicles, such as cargo carrying vehicles. Pay- 
load compartment 1 6 may be a planar structure or may 
be enclosed on some or all sides. The surface engaging 
devices may include tracks or runners. The invention 
may also be practiced in vehicles that engage the sur- is 
face through some form of levitation, such as magnetic 
or pneumatic levitation , so that the surface engaging de- 
vices include devices that do not require physical con- 
tact with the surface, and so that the surface may include 
tracks or open terrain. For simplicity of explanation, the 20 
invention will be described as embodied in an automo- 
bile. 

[0012] Controllable suspension elements 18 may be 
one of a variety of suspension elements that receive, or 
are capable of being adapted to receive, control signals 25 
from a microprocessor and to respond to the signals. 
[0013] Controllable suspension elements 18 may be 
components of an active suspension system, in which 
the controllable suspension elements can respond to 
the control signals by varying the vertical displacement 30 
between the passenger compartment 16 and wheel 14 
by applying a force. Suitable active suspension systems 
are described in U.S. Pat. Nos. 4.960,290 and 
4,981,309 incorporated by reference herein. The force 
may be transmitted through some element such as a 35 
linear or rotary actuator, ball screw, pneumatic system, 
or hydraulic system, and may include intervening ele- 
ments between the wheel and the force producing ele- 
ment. The controllable active suspension may also com- 
prise an adaptive active vehicle suspension such as de- "^o 
scribed in U.S. Pat. No. 5,432,700, in which signals may 
be used to modify adaptive parameters and gains. Con- 
trollable suspension elements 18 may also be compo- 
nents of a semi-active suspension system, which apply 
forces between passenger compartment 16 and wheel ^5 
14 reactively, in response to vertical forces resulting 
from wheel 14 passing over urieven surfaces. In semi- 
active suspension systems, the controllable suspension 
elements may respond to the control signals by extend- 
ing or compressing a spring, by changing a damping 50 
rate, or in other ways. By way of example, the invention 
will be described in an embodiment in which the control- 
lable suspension element is an active suspension ele- 
ment. Referring now to FIG. 2a, there is shown a block 
diagram of a suspension according to the invention. 55 
Controllable suspension element 18 is coupled to a mi- 
croprocessor 20 which is In turn coupled to profile stor- 
age device 22 and optional locator system 24. The sus- 



pension system further includes sensors 11, 1 3^ and 15 
associated with payload compartment 16, controllable 
suspension elements 18, and wheels 14, respectively. 
Sensors, 11 , 13, and 15 are coupled to mteroprocessor 
20. Locator system 24 may receive signals from an ex- 
ternal source, such as a positionlngsatellite23 . Forcon- 
venience, only one of the controllable suspension ele- 
ments 18 is shown. The remaining wheels 14, control- 
lablo suspension elements 1 8, and the respective sen- 
sors 11, 13, and 15 are coupled to microprocessor 20 
substantially as shown in FIG. 2a. 
[0014] Microprocessor 20 may be a single microproc- 
essor as shown. Alternatively, the functions performed 
by microprocessor 20 may be performed by a number 
of microprocessors or equivalent devices, some of 
which can be located remotely from vehicle 10, and may 
wirelessly communicate with components of the sus- 
pension system, which are located on vehtole 1 0. 
[0015] Profile storage device 22 may be any one of a 
number of types of writable memory storage, such as 
RAM, or mass storage devices such as a magnetic or 
writable optical disk. Profile storage device 22 may be 
included in the vehicle as shown, or may be at some 
remote location, with a broadcasting system for wire- 
lessly communicating path profile data to the vehicle. 
Locator system 24 may be one of a number of systems 
for providing longitudinal and latitudinal position, such 
as the Global Positioning System <GPS) or an inertial 
navigation system (INS). Locator system 24- may In- 
clude systems, which provide for user input to indicate 
location and may also include profile matching systems 
that compare the profile of the path being driven by the 
vehicle with the profiles stored in memory storage. 
[0016] In one embodiment, the path being driven on 
is a roadway. However, the Invention may be used in 
other types of vehicles that do not operate on roadways, 
such as open ten-ain vehicles and vehicles that operate 
on rails. The path can be typically defined by a location 
and a direction. By way of example, the invention will be 
described as embodied In an automobile for operating 
on a roadway. 

[0017] A suspension system incorporating the inven- 
tion may also include a trajectory planning subsystem, 
which includes (referring to FIG. 2a) microprocessor 20, 
profile storage device 22, and locator system 24. 
[0018] Locator system 24 detects the location of the 
vehicle, and microprocessor 20 retrieves a copy of the 
profile of the road, if available, from a plurality of profiles 
stored in profile storage device 22. Microprocessor 20 
calculates or retrieves a trajectory plan respons Ive to the 
road profile, and issues control signals to controllable 
suspension element 18 to execute the trajectory plan. 
The profile retrieval, trajectory calculation, and suspen- 
sion control may be perfomned by a single microproces- 
sor as shown, or may be done by separate microproc- 
essors if desired. The trajectory development process 
is described more fully in connection with FtGS. 6a and 
6b. If controllable suspension element 1 8 is a s em iactive 
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suspension or an active suspension acting reactlvely to 
road forces, microprocessor 20 may issue an adjusted 
control signal to controllable suspension 16 based in 
part on the road profile. 

.[0019] in a typical form, a road profile includes a se- 
ries of vertical (z-axis) displacements from a reference 
point. The z-axis displacement measurements are typ- 
ically taken at uniform distances from the location taken 
in the direction of travel. A road profile can also contain 
additional data such as x-axis and y-axis displacement; 
compass heading; steering angle; or other information 
such as may be included in navigation systems, such 
as commercially available vehicle navigation products. 
The additional data may involve greater processing ca- 
pability of microprocessor 20 and profile storage device 
22, but may be advantageous in using "dead reckoning" 
orpattern matching techniques described belowtomore 
precisely locate the vehicle or in uniquely associating a 
road profile with a location. Additionally, the additional 
data may be advantageous in determining, for example, 
the degree to which traction should be considered In de- 
veloping the trajectory. 

[0020] A trajectory plan is a path in sp&ce of a point 
or set of points on the payload compartment. To control 
the pitch of the vehicle, the trajectory may represent at 
least two points, respectively fonward and reanward in 
the payload compartment. To control the roll of the ve- 
hicle, the trajectory may represent at least two points, 
one on each side of the vehicle. In a four wheeled vehi- 
cle, it may be convenient to use for trajectory develop- 
ment four points in the payload compartment, one near 
each wheel. Pairs of the points could be averaged (such 
as averaging the two points on each side of the vehicle 
to consider roll in the development of the trajectory plan, 
or averaging the two points in the front and the rear, re- 
spectively, to consider pitch in the development of the 
trajectory plan). For simplicity of explanation, the inven- 
tion will be described in temis of a single point. The mi- 
croprocessor issues control signals to controllable sus- 
pension element 18 to cause the vehicle to follow the 
trajectory plan. More detail on trajectory plans and the 
execution of trajectory plans are set forth in the exam- 
ples that follow. 

[0021] The trajectory plan may take a number of fac- 
tors Into account, for example matching the pitch or roll 
of the vehicle to the pitch or roll expected by the pas- 
sengers; minimizing the vertical acceleration of the pay- 
load compartment; maximizing the stroke of the suspen- 
sion available to absorb undulations in the road; mini- 
mizing the amplitude or occurrence of accelerations of 
an undesirable frequency, such as frequencies around 
0,1 Hz, which tends to induce nausea; maximizing tire 
traction; or others. The trajectory plan may also include 
"anticipating" an undulation in the road and reacting to 
it before it is encountered, as will be described below In 
the discussion of FIG. 5. Further, particularly if the sus- 
pension system includes a conventional spring to sup- 
port the weight of the car and the operation of the active 



suspension element extends or compresses the con- 
ventional spring, the trajectory plan may take power 
consumption into account. 

[0022] Referring now to FIG. 2b, there Is shown an- 

5 Other embodiment of the invention incorporating a tra- 
jectory storage device 25. Elements off IG. 2b are sim- 
ilar to elements of FIG. 2a, except profile device 22 of 
FIG. 2a is replaced by a trajectory storage device 25. 
Trajectory storage device 25 may be any one of a 

10 number of types of writable memory storage, such as 
RAM, or mass storage devices such as a magnetic or 
writable optical disk. Profile storage device 22 may be 
included in the vehicle as shown, or may be at some 
remote location, with a broadcasting system for wire- 

15 lessly communicating path profile data to the vehicle. 
[0023] Operation of the embodiment of FIG. 2b is sim- 
ilar to the operation of the embodinfient of FIG. 2a, ex- 
ceptthat microprocessor 20 retrieves andcalculates tra- 
jectory plans that are associated with locations rather 

20 than being associated with profiles. 

[0024] Another embodiment of the invention includes 
both the profile storage device of FIG. 2a and the tra- 
jectory storage device of FIG. 2b. In an embodiment inr 
eluding both profile storage device 22 and trajectory 

25 storage device 25, the storage devices may be separate 
devices or may be different portions of a single memory 
device. Operation of embodiments including trajectory 
storage device 25 are described further in the discus- 
sion of FIG. 6c. 

30 [0025] FKB. 3 shows an example of the operation of a 
conventional active suspension without a trajectory 
planning subsystem. In FIG. 3; when front wheel 14f' 
encounters sloped section 41, active suspension ele- 
ment 1 8f' exerts a force to shorten the distance between 

35 payload compartment 1 6' and front wheel 1 4f ' . When the 
rise rdue to the slope approaches the maximum lower 
displacement of the suspension element, suspension 
element 14f' is "nosed in*' to slope 41, and in extreme 
cases may reach or approach a "bottomed ouf condi- 

40 tion, such that there is little or no suspension travel left 
to accommodate bumps In the rising surface. 
[0026] Referring now to FIGS. 4a - 4c, there is shown 
an example of the operation of ah active suspension ac- 
cording to the invention. Microprocessor 20 of FIG. 2a 

45 furnishes a computed trajectory 47, which closely 
matches the road surface, Including sloped section 41 , 
and issues appropriate control signals to active suspen- 
sion elements 18f and 18rto follow the trajectory. In this 
example, the trajectory can be followed by exerting no 

50 force to shorten or lengthen the distance between 
wheels 14f and 14r and payload compartment 1 6, or if 
the suspension system includes a conventional spring, 
the trajectory can be followed by exerting only enough 
force to counteract acceleration resulting from force ex- 

55 erted by the spring, in FIG. 4b, when the vehicle has 
reached the same position in the road as in FIG. 3, pay- 
load compartment 16 is tilted slightly. In FIG. 4c, the pay- 
load compartment is tilted at an. angle which matches 
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the tilt of the road, The.gradual tilt of the payload com- 
partment to match the tilt of the road matches rider ex- 
pectations. An additional advantage is that if there is a 
bump 49 or depression 51 in the road, the full stroke of 
the suspension is available to absorb the bump or de- 5 
pression. 

[0027] The example of FIGS, 4a - 4c illustrates the 
principle that following the trajectory may occur with little 
or no force being applied by the controllable suspension 
element 18 and that execution of the trajectory planning 
subsystem may override the normal operation of an ac- 
tive suspension. In FIGS. 4b and 4c, the vehicle is ex- 
periencing upward acceleration, and the nonnal opera- 
tion of the active suspension would shorten the distance 
between wheel 14f and the payload compartment 16. 
However, since the payload compartment 1 6 Is following 
the trajectory plan, microprocessor 20 issues a control 
signal that overrides the normal operation of the active 
suspension, thereby allowing the vehicle to follow the 
trajectory plan. 

[0028] FIG. Sshowsanotherexampleoftheoperation 
of an active suspension with a trajectory planning sub- 
system. Road profile 50 includes a large bump 52. Mi- 
croprocessor 20 (of FIG. 2a or 2b) furnishes a computed 
trajectory 54 appropriate for road profile 50 and issues 
corresponding control signals to controllable suspen- 
sion element 18. In response to the control signals, at 
point 56, before wheel 14 has encountered bump 52, 
controllable suspension element 18 exerts a force to 
gradually lengthen the distance between wheel 14 and 
payload compartment 16. As wheel 14 travels over 
bump 52, the nonnal operation of the controllable sus- 
pension element 18 causes controllable suspension el- 
ement 18 to exert a force, which shortens the distance 
between payload compartment 16 and wheel 14. When 
wheel 1 4 reaches the crown 57 of bump 52, controllable 
suspension element 1 8 begins to exerts a force, which 
lengthens the distance between payload compartment 
16 and wheel 14. After wheel 14 has passed the end of 
bump 52, controllable suspension element 18 exerts a 
force shortening the distance between payload com- 
partment 16 and wheel 14. The example of FIG. 5 illus- 
trates the principle that the trajectory planning subsys- 
tem may cause the controllable suspension element 1 8 
to exert a force to lengthen, or shorten the distance be- 
tween wheel 14 and payload compartment 16 even on 
a level road and further illustrates the principle that the 
trajectory plan may cause the controllable suspension 
element to react to a bump or depression in the road 
before the bump or depression is encountered. 
[0029] The example of FIG. 5 Illustrates several ad- 
vantages of a suspension system according to the in- 
vention. By beginning to react to bump 52 before bump 
52 is encountered and by continuing to react to the bump 
after the bump has been passed, the vertical displace- 
ment of the payload compartment is spread over a larger 
distance and over a longer period of time than if the sus- 
pension system reacted to bump 52 when the tire en- 



countered bump 52. Thus, the vertical displacement, 
vertical velocity and vertical acceleration of payload 
compartment 16 are low, so passengers encounter less 
discomfort than with a suspension system without tra- 
jectory planning. The trajectory planning subsystem ef- 
fectively provides for large bump 52, and the n ormal op- 
eration of the controllable suspension element is still 
available to handle perturbations tfiatare not indicated 
in the road profile. If the road profile has sufficient res- 
olution to only identify large perturbations such as large 
bump 52, or long or substantial slopes, or if the road 
profile is somewhat inaccurate, the active suspension 
element in norhial operating nnode need only react to 
the difference between the profile and the actual road 
surface. For example, if the actual profile of large bump 
52 is slightly different from the stored profile on which 
the trajectory plan is based, the active suspension sys- 
tem need only provide for the difference between the 
actual and the stored profile of bump 52. Thus, even if 
the profile is imperfect, the ride experienced the pas- 
sengers in the vehicle is typically better than if the sus- 
pension lacks the trajectory planning feature. 
[0030] The trajectory plan may take perceptual 
thresholds of vehicle occupants into account. For exam- 
ple, in FIG. 5: even less vertical acceleration would be 
encountered by the occupants of the vehicle if the tra- 
jectory plan began rising before point 56 and returned 
the vehicle to the equilibrium position after point 58. 
However, the difference in vertical acceleration may not 
be enough to be perceived by the vehicleoccupants, so 
the active suspension need not react before point 56 or 
continue to react past point58. Additionally, if the vehicle 
includes a conventional suspension spring, the force ap- 
plied by the active suspension between points 56 and 
47 may need to exert a force to extend the spring in ad- 
dition to a force to lift the vehicle, so not beginning the 
rise of the trajectory plan until point 56 may consume 
less power than beginning the riseearlier. 
[0031] Referring now to FIG. 5a, there is shown a 
method for developing, executing, and modifying a tra- 
jectory plan by a system without optional locator system 
24. At step 55, sensors 11, 13, 15 collect road profile 
information and transmit the infomiation to microproc- 
essor 20 wh ich records the road profile in prof i le storage 
device 22. At step 58, the profile microprocessor com- 
pares the road profile Infomriation with road profiles that 
have been previously stored in profile storage device 22. 
The comparison may be accomplished using a pattern 
matching system as described below. If the road profile 
information matches a road profile that has previously 
been stored, at step 62a, the profile is retrieved, and 
microprocessor 20 furnishes a computed trajectory plan 
appropriate for that profile. Concurrently, at step 62b, 
sensors 11, 13, 15 furnish signal representations of the 
road profile that may be used to modify, if necessary, 
the profile stored in profile storage device 22. 
[0032] If it is detemnined at step 58 that there is no 
previously stored road profile that matches the road pro- 
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file information collected in step 56, at step 64 control- 
lable suspension element 18 acts as a reactionary ac- 
tive suspension. 

[0033] Referring now to FIG. 6b, there is shown a 
method for developing, modifying, and executing a tra- 
jectory plan by a system that includes optional locator 
system 24. At step 70, locator system 24 detemnlnes the 
location and direction of the vehicle. At step 72 trajectory 
microprocessor 20 exainines stored profiles in profile 
storage device 22 to see if there is a profile associated 
with that location . If there is^a profile associated with that 
location, at step 74a microprocessor 20 retrieves the 
profile and transmits the retrieved profile infomnation to 
controllable suspension element 1 8, which executes the 
trajectory plan. Depending on how the data is stored and 
processed, step 72 may also consider direction of travel 
in addition to location in detemilning whether there is an 
associated profile. Concurrently, at step 74b, sensors 
11,13,15 provide signals representative of the road pro- 
file that may be used to modify, if necessary, the profile 
stored in profile storage device 22. 
[0034] If it is determined at step 72 that there is no 
previously stored road profile associated with that loca- 
tion and direction, at step 76a controllable suspension 
1 8 acts as a reactionary active suspension. Concurrent- 
ly, at step 76b, sensors 11,13, 15 furnish signals repre- 
sentative of the road profile, which is stored in profile 
storage device 22. 

[0035] Referring now to FIG. 6c, there is shown a 
method for developing, modifying, and executing a tra- 
jectory plan in an embodiment of the invention as shown 
in FIG. 2b and having some device to locate the vehicle, 
such as the locator system 24, or the profile storage de- 
vice 22 of FIG. 2a. At step 70, locator system 24 deter- 
mines the location and direction of the vehicle. At step 
172 trajectory microprocessor 20 examines trajectory 
plans in trajectory plan storage device 25 to see if there 
is a trajectory plan associated with that location. If there 
is a profile associated with that location, at step 174a 
microprocessor 20 retrieves the profile and transmits 
the information to controllable suspension element 18, 
which executes the trajectory plan. Depending on how 
the data is stored and processed, step 172 may also 
consider direction of travel in addition to location in de- 
termining whether there is an associated profile. Con- 
currently, at step 1 74b, signals from sensors 1 1 , 13, 15 
representative of the actual profile may be recorded so 
that the trajectory plan associated with the location can 
later be modified to provide a smoother or more com- 
fortable ride. 

[0036] If it is determined at step 1 72 that there is no 
previously stored road profile associated with that loca- 
tion and direction, at step 176a controllable suspension 
1 8 acts as a reactionary active suspension. Concurrent- 
ly, at step 176b, signals representative of the trajectory 
resulting from the reactionary operation of the control- 
lable suspension 1 8 are recorded so that the stored tra- 
jectory can be modified to provide a smoother or more 



comfortable ride. 

[0037] The methods of FIG. 6a. 6b, and 6c illustrate 
one of the learning features of the invention. Each time 
the vehicle Is driven over a portion of road, the profile or 

5 trajectory, or both, may be modified, so that the trajec- 
tory furnished by microprocessor20may be used to pro- 
vide for a smoother ride for the occupants of t h e vehicle 
during subsequent rides over the same portion of road. 
[0038] It is desirable to determine the location of the 

10 vehicle accurately, ideally within one meter, though an 
active suspension with a locator system havirng a lesser 
degree of precision performs better than conventional 
active suspensions. One method of attaining a high de- 
gree of precision is to include in locator system 24 of 

15 FIG. 2a Incorporating a high precision GPS system, 
such as a differential system accurate to within centim- 
eters. Another method is to Include in locator system 24 
of FIG. 2a a GPS system having a lower degree of pre- 
cision (such as a non-differential system accurate to 

20 within about 50 meters or some other locator system not 
incorporating GPS) and a supplementary pattern 
matching system. 

[0039] In one pattern matching system, search for a 
knowii sequence of data in a target string of data. One 

25 method of pattern matching particularly useful for data 
that increases and decreases from a base point includes 
multiplying a known sequence of n numbers by strings 
of corresponding length in the target string. The n prod- 
ucts are then summed, and when the strings match, the 

30 sum peaks. Supplementary or additional pattern match- 
ing techniques, such as continuous pattern matching or 
matching consecutive groups of nproductscan be used 
to minimize the occurrence of false matches. 
[0040] This fomri of pattern matching can be usefully 

35 applied to a trajectory planning active suspension by re- 
cording a pattern of z-axis deflections from a base point 
and using the pattem of z-axis deflections as the search 
string. Pattern matching can then be used in at least two 
ways. In one application, the GPS system is used to get 

40 an approximate (within 30 meters) location of the vehi- 
cle, and pattern matching is then used to locate the ve- 
hicle more precisely, by using for the target string, the 
previously recorded pattern of z-axis deflections stored 
in profile storage device 22 of FIG. 2a. In a second ap- 

4^ plication, pattern matching is used to compare the pat- 
tern of z-axis deflections as measured by sensor 15 of 
FIG. 2a with patterns of z-axis deflections stored in pro- 
file storage device 22 to determine if there is a profile 
stored In memory. 

50 [0041] To supplement the GPS and pattern matching 
system, a "dead reckoning" system may also be used. 
In a dead reckoning system, a vehidechange in location 
is estimated by keeping track of the distance the vehicle 
travels and the direction the vehicle travels. When the 

55 vehicle has been located precisely, thedistance the ve- 
hicle travels may be tracked by counting wheel rota- 
tions, and the direction of travel may be tracked by re- 
cording the wheel angle or steering angle. A dead reck- 
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oning system is very useful if GPS readings are difficult 
(such* as if there are nearby tall buildings) and also re- 
duces the frequency at which GPS readings need be 
taken. 

[0042] Referring now to FIG. 7, there is shown a dia- 5 
grammatic view of an automobile and a road surface, 
illustrating the development of a trajectory. Line 80 rep- 
resents the road profile as stored by profile device 22 of 
FIG. 2a. Line 82 represents the road profile 80 which 
has been bidirectionally low-pass filtered using a break io 
frequency in the range of t Hz, and is used as the tra- 
jectory; the bidirectional filtering eliminates phase lag in- 
accuracies that may be present with single directional 
filtering. When the automobile 84 passes over the road 
surface represented by line 80, microprocessor 20 of is 
FIG. 2a issues command signals to controllable suspen- 
sion element 1 8 of FIG. 2a to urge the payload compart- 
ment of automobile 84 to follow the trajectory represent- 
ed by line 82. The high frequency, low amplitude undu- 
lations in the road are easily handled by the normal op- 
eratlon of the active suspension. Developing of a trajec- 
tory by low pass filtering is very useful in dealing with 
the situation as described in FIGS. 3 and 4a - 4c. 
[0043] Processing the road profile data in the time do- 
main to develop trajectory plans is advantageous when 25 
the velocity of the vehicle is constant; that is, each trip 
across the road segment is at the same velocity. 
[0044] In some circumstances, processing the data in 
the spatial domain may be more useful than processing 
the data in the time domain. It may be more convenient 30 
to store data in spatial fomn, and processing the data in 
the spatial domain may make it unnecessary to trans- 
f omi the data to temporal form. Additionally, processing 
the data in the spatial domain allows the trajectory to be 
calculated including velocity as a variable; that is, the 35 
trajectory may vary, depending on the velocity. If the da- 
ta is processed in the spatial domain, it may be advisa- 
ble to perfonn some amount of time domain translation, 
for example to minimize acceleration at objectionable 
frequencies, such as the 0.1 Hz "seasick" frequency 
[0045] Trajectory development may take into account 
factors in addition to the spatial or time domain filtered 
road profile. For example, the trajectory may take into 
account large dips or bumps in the road as shown in 
FIG. 5, and discussed in the corresponding portion of ^5 
the disclosure. 

[0046] There has been described novel apparatus 
and techniques for vertical trajectory planning. It is evi- 
dent that those skilled in the art may now make numer- 
ous modifications and uses of and departures from the so 
specified apparatus and techniques disclosed herein. 
Consequently, the invention is to be construed as em- 
bracing each and every novel feature and novel combi- 
nation of features present in or possessed by the appa- 
ratus and techniques disclosed herein and limited only ss 
by the spirit and scope of the appended claims. 



Claims 

1 . A vehcle suspension system for a surface vehrcle 
having a payload compartment and a surface en- 
gaging device, comprising: 

a controllable suspension element for applying 
a force between said payloadcompartment and 
said surface engaging device; 
a profile storage device for storing a plurality of 
profiles of paths, 

said profiles including vertk^al deflection data; 
and 

a profile retrieving microprocessor coupled to 
said controllable suspension element and to 
said profile storage devk:e for retrieving from 
said profile storage device one of said profiles, 
said one profile corresponding to the path on 
which said vehicle is traveling. 

2. A vehicle suspension system in accordance with 
claim 1 , wherein said profile storage devk:;e is locat- 
ed remotely from said surface vehicle, 

3. A vehicle suspension system in accordance with 
claim 1 , wherein said profile retrieving microproces- 
sor is located remotely form said surface vehicle. 

4. A vehicle suspension system in accordance with 
claim 1 and further comprising, 

a locator system, coupled to said microproces- 
sor for determining the location of said surface 
vehicle, 

wherein said microprocessor is adapted to de- 
termine if there is stored in said profile storage 
device a profile corresponding to said location 

5. A vehicle suspension system in accordance with 
claim 1 and further comprising, 

a sensor for acquiring vertrcal deflection data. 

6. A vehicle suspension system in accordance with 
claim 5, wherein said microprocessor is adapted to 
compare said vertical deflection data with said 
stored profiles. 

7. A vehicle suspension system in accordance with 
claim 5, wherein said microprocessor is adapted to 
modify said profile and to store said modified profile 
in said profile storage devk^e. 

8. A vehicle suspension system in accordance with 
claim 1 and further comprising, 

a trajectory developing microprocessor for 
developing a trajectory plan corresponding to said 
retrieved profile. 
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9. A vehicle suspensjon system in accordance with 
claim 8 and further comprising, 

a control processor for issuing command sig- 
nals to said controllable suspension element to ex- 
ecute said trajectory plan. 

10. An active vehicle suspension for a surface vehicle 
having a payload compartment and a surface en- 
gaging device, said vehicle for operating on a path, 
said suspension comprising: 

a force applying element coupling said payload 
compartment and said surface engaging de- 
vice for applying a force between said payload 
compartment and said surface engaging de- 
vice to vary the vertical position of said payload 
compartment relative to said surface engaging 
device; 

a profile storage device for storing a vertical 
profile of said path; and 
a trajectory development subsystem communi- 
catingly coupled to said force applying element 
and to said profile storage device for develop- 
ing a trajectory plan responsive to said stored 
vertical profile and for issuing command signals 
to said force applying element, 
said command signals corresponding to said 
trajectory plan. 

11. An active vehicle suspension in accordance with 
claim 10, wherein said profile storage device is lo- 
cated remotely from said surface vehicle. 

12. An active vehicle suspension in accordance with 
claim 10, wherein said trajectory development sub- 
system is located remotely from said surface vehi- 
cle. 

13. A method for operating an active vehicle suspen- 
sion system in a surface vehicle having a data stor- 
age device comprising: 

. determining the location of said surface vehi- 
cle; 

determining If there is stored in said surface ve- 
hicle a vertical trajectory plan corresponding to 

said location; 

retrieving said plan in response to a determina- 
tion that there is stored in said vehicle suspen- 
sion system said vertical trajectory plan, and 
executing said plan. 



modifying said vertical trajectory plan in re- 
sponse to the perfornnance sensor input sig- 
nals. 

5 15. A method for operating an active suspension in ac- 
cordance with claim 13, wherein said detemiining 
includes the use of a global positioning satellite. 

16. A method for operating an active vehicle suspen- 
se sion in a surface vehicle having a sensing device to 
sense the vertical profile of a path and a data stor- 
age device comprising: 

sensing a vertical profile of a path ; 
^5 recording said profile; and 

comparing said recorded profile with profiles 
stored in a database to find if said sensed pro- 
file matches one of said stored profiles. 

20 17. A method for operating an active vehicle suspen- 
sion in accordance with claim 16 and further com- 
prising, 

retrieving, responsive to a finding that a sensed 
2S profile matches one of said stored profiles, a 

trajectory plan associated with said. one stored 
profile; and 

executing said trajectory plan. 

30 18. A method for operating an active vehicle suspen- 
sion in accordance with claim 17 and further com- 
prising, 

recording input signals from perfonnance sen- 
35 sors; 

modifying said vertical trajectory plan in re- 
sponse to the performance sensor input sig- 
nals. 

40 19. A method for operating an active vehicle suspen- 
sion in accordance with claim 16 and further com- 
prising, 

responsive to a finding that said sensed profile 
matches one of said stored profiles, developing 
a trajectory plan for said sensedprof He; and 
executing said trajectory plan 

20. An active suspension system for a surface vehicle 
50 for operating on a path, comprising; 

an active suspension; 

a profile sensor for sensing a profile of said 
path; 

road profile storage device for storing a data- 
base of path profiles; and 
a path profile microprocessor -coupled to said 
storage device and to said profile sensor for 



14. A method for operating an active vehicle suspen- 
sion in accordance with claim 13 and further com- 
prising, 55 

recording input signals from performance sen- 
sors; 
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comparing said sensed profile with said data- 
base of path profiles. 

21 . An active suspension system in accordance with 
claim 20, 

wherein said road profile storage device is lo- 
cated remotely from said surface vehicle. 

22. An active suspension system in accordance with 
claim 20, 

wherein said road, profile microprocessor is lo- 
cated remotely from said surface vehicle. 

23. An active suspension system in accordance with 
claim 20 and further comprising, 

a trajectory storage device for storing a data- 
base of trajectories, said trajectories corre- 
sponding to said road profiles; 
a trajectory microprocessor coupled to said 
storage device and to said road profile micro- 
processor and responsive to said road profile 
microprocessor for retrieving one of said trajec- 
tories and for communicating instruction sig- 
nals based on said one of said trajectories to 
said active suspension. 

24. An active suspension system in accordance with 
claim 23, wherein said trajectory storage device is 
located remotely from said surface vehicle. 

25. An active suspension system in accordance with 
claim 23., wherein said trajectory microprocessor is 
located remotely from said surface vehicle. 

26. An active suspension system in accordance with 
claim 20 and further comprising, 

a trajectory development microprocessor 
coupled to said active suspension for developing a 
vertical trajectory for said sensed profile. 

27. An active suspension system for a surface vehicle 
comprising: 

an active suspension; 

a locator system for determining the location of 
said surface vehicle; 

a trajectory storage device ^ for storing a data- 
base of trajectories corresponding to locations; 
and 

a trajectory microprocessor for determining If 
said database contains a trajectory con^e- 
spondlng to said determined location, for re- 
trieving corresponding trajectory, and for trans- 
mitting to said active suspension instruction 
signals based on said corresponding trajectory. 



wherein said locator^ system comprises a global po- 
sitioning system device. 

29. A method for operating an active vehicle suspen- 
5 sion system in a surface vehicle having a data stor- 
age device, comprising, 

determining the location of said surface vehi- 
cle; 

10 detenmining if there is stored in said su rf ace ve- 

hicle a profile corresponding to said location; 
retrieving said profile in response to a determi- 
nation that there is stored in said vehicle sus- 
pension system said profile, 

15 developing a trajectory plan in response to said 

retrieved profile, and 
executing said trajectory plan. 

30. A method for operating an active vehicle suspen- 
se sion in accordance with claim 29 and further com- 
prising, 

modifying said profile; and 
. storing said modified profile in said storage de- 
25 vice. 

31. A method for detemriining the location of a surface 
vehicle comprising: 

30 storing a plurality of profiles of paths , 

said path profiles associated with locations and 
containing only vertical deflections of said path 
from a predetemiined reference plane meas- 
ured at increments; 

35 sensing vertical deflection of a path on which 

said vehicle is currently traveling from the pre- 
detenmined reference plane; and 
comparing said sensed vertical deflections with 
said path profiles. 

40 



45 



so 



55 



28. An active suspension in accordance with claim 27, 
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